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PHARMACOKINETICS OF OXYTETRACYCLINE IN LOGGERHEAD
SEA TURTLES (CARETTA CARETTA) AFTER SINGLE
INTRAVENOUS AND INTRAMUSCULAR INJECTIONS

Craig A. Harms, D.V.M ., Ph.D., Dipl. A.C.Z.M., Mark G. Papich, D.V.M., M.S, Dipl. A.C.V.C.P.,
M. Andrew Stamper, D.V.M., Dipl. A.C.Z.M ., Patricia M. Ross, D.V.M., Mauricio X. Rodriguez,
and Aleta A. Hohn, Ph.D.

Abstract: The pharmacokinetics of oxytetracycline in 2-yr-old loggerhead sea turtles (Caretta caretta) after single
i.v. and i.m. injections were studied for biologic marking and therapeutic applications. Twenty juvenile turtles were
divided into two treatment groups. Ten animals received 25 mg/kg of oxytetracycline i.v. and 10 received the same
dosage i.m. Plasma oxytetracycline concentrations were analyzed by reverse-phase high-performance liquid chroma-
tography. Data from the i.v. route best fit a three-compartment model, whereas noncompartmental analysis was used
to compare data from both thei.v. and i.m routes. For thei.v. route, means for maximum plasma concentration, terminal
phase half-life, systemic clearance, and apparent volume of distribution at steady state were 6.6 pg/ml, 66.1 hr, 290.7
mi/hr/kg, and 18.4 L, respectively. For the i.m. route, means for systemic availability, maximum plasma concentration,
and elimination half-life were 91.8%, 1.6 pg/ml, and 61.9 hr, respectively. The remarkably high apparent volume of
distribution may possibly be associated with a deep compartment of drug disposition such as bone deposition associated
with the large skeletal mass of turtles and the fact that these were well-nourished, growing juveniles. Although max-
imum plasma concentration by i.m. administration was lower than for the i.v. route, the long elimination time indicates

that an infrequent dosing interval may be effective for sensitive bacteria.
Key words: Biologic marker, Caretta caretta, loggerhead sea turtle, oxytetracycline, pharmacokinetics.

INTRODUCTION

Oxytetracycline has long been used as a biologic
marker to label bone for aging and other stud-
ies.”1012 | jke other tetracyclines, oxytetracycline is
incorporated into mineralizing tissue, including
bone, teeth and otoliths, and fluoresces under ultra-
violet light, making it possible to detect in cross
sections those parts of the structure that were min-
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eralizing at the time of administration. The fluores-
cent oxytetracycline band can be used to establish
a known point in the osseous timeline to determine
whether or not subsequent growth marks are an-
nual. This procedure has been performed with sea
turtle humeri to validate the use of skeletochron-
ology for aging estimates but with some debate
over effects of noncyclic events, extended periods
in stable tropical environments, and bone-remod-
eling patterns on formation and retention of annu-
li.2420 Although an oxytetracycline dose effective
in marking sea turtle bone has been published (25
mg/kg i.m.),%42 the pharmacokinetics of that dose
have not been established in any sea turtle species.

Along with its application in skeletal marking,
oxytetracycline has been used as an antimicrobial
medication for decades. This drug has been used in
sea turtles, although safe and effective antibacterial
dosage regimens are poorly established for many
reptiles, including sea turtles. Most dosage regi-
mens are empirical and are based on extrapolations
from other species. Differences in antibiotic dis-
position by reptiles and by mammals, and even by
different species of reptiles, makes cross-species
extrapolation unreliable.’® Pharmacokinetic studies
on four antimicrobia drugs and one anthelmintic
drug, ceftazidime, florfenicol, itraconazole, flucon-
azole, and praziquantel, respectively, have been re-
ported for sea turtles.1”222930 Ceftazidime and flu-
conazole are excreted by the kidneys primarily by
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glomerular filtration in mammals,®st and these
drugs exhibited prolonged plasma half-lives in sea
turtles as compared with mammals, although there
was considerable difference between their elimi-
nation rates in sea turtles. The plasma half-life for
ceftazidime was determined to be 20 hr and aq 3
day dosing regimen was recommended, whereas for
fluconazole it was 132 hr and a q 5 day dosing
regimen was recommended. Oxytetracycline is also
excreted by glomerular filtration in the kidneys in
mammals.?® In American alligators (Alligator mis-
sissipiensis), therapeutic serum concentrations were
still present 7 days after dosing at 10 mg/kg i.m.*
Thus, there was good reason to suspect that thera-
peutic concentrations of oxytetracycline could also
be maintained for a comparatively long period in
sea turtles. Prolonged therapeutic concentrations
would make it useful as a presurgical prophylactic
antibiotic for applications in which wild sea turtles
are captured for research purposes, are released
shortly after the surgical procedure (e.g., laparo-
scopic sexing? or fat biopsy*®), and are not available
for repeat doses. Sea turtles so treated would also
have been bone marked for potential skeletochron-
ology study in the event of postmortem recovery at
a later date, resulting in a dual-purpose use of sin-
gle oxytetracycline treatments.

Oxytetracycline has activity against such gram-
negative bacteria as Vibrio spp., Pseudomonas spp.,
and Aeromonas spp.,?3t which are often associated
with morbidity and mortality of sea turtles.® Resis-
tance can be problematic though, particularly with
Staphylococcus spp., Streptococcus spp., Pseudo-
monas spp., Escherichia coli, Klebsiella spp., Bac-
teroides spp., Enterobacter spp., and Proteus spp.
Oxytetracycline is also active against Nocardia
spp., Chlamydia/Chlamydophila spp., Rickettsia
spp., Mycoplasma spp., and spirochetes.>263t Of
these, a Nocardia sp. has been reported as an op-
portunistic pathogen in a hypothermic-stunned
Kemp's ridley sea turtle (Lepidochelys kempii).*
Similarly, a Chlamydia sp. was reported to cause
epizootic mortality in juvenile green sea turtles
(Chelonia mydas) in aquaculture.’® Although not
yet reported in sea turtles, rickettsial and myco-
plasmal organisms have been increasingly reported
from aquatic species (e.g., Piscirickettsia spp. in
fish®® and Mycoplasma alligatoris in crocodil-
ians®*?) and may eventually be found as sea turtle
pathogens. This study examines oxytetracycline
pharmacokinetics after single i.v. and i.m. dose in-
jections in juvenile loggerhead sea turtles (Caretta
caretta) to characterize effective clinical dosing
regimens. This application, along with oxytetracy-
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cline's biologic marker characteristic, makes the
drug a good candidate for application in sea turtles.

MATERIALS AND METHODS

Subjects and sample collection

Twenty 2-yr-old juvenile loggerhead sea turtles
at the National Marine Fisheries Service, Galveston
Laboratory, were studied in August 2002. Before
the drug trial, each animal was weighed to the near-
est 20 g, measured in straight carapace length
(SCL) and straight carapace width (SCW) to the
nearest centimeter, examined visually, and bled for
packed cell volume and total solids determination.
As previously described,* turtles were housed in-
dividualy in circular vinyl-coated wire mesh cages,
76-cm diameter by 45-cm water depth, lined with
high-impact sytrene sheeting. Cages were suspend-
ed in 5,775-L raceways, 14 per raceway. Seawater
was pumped from the Gulf of Mexico, filtered
through well points, and particulates were allowed
to settle out before adding water to the raceways.
Water was changed 100% daily in the morning. The
water temperature was 28.5-30.0°C. Turtles were
fed Purina Aquamax Grower 500 3/16-inch floating
pellets (PMI Nutrition International, LLC, Brent-
wood, Missouri 63116, USA) at 1% of body weight
per day divided into two daily feedings.

The turtles were evenly divided into two groups
of 10 in each of two raceways, with experimental
protocols commencing on two different days to fa-
cilitate sampling. Within each raceway group, the
10 turtles were divided in alternating order into i.v.
and i.m. treatment groups of 5 each, for a total of
10 turtles in each i.v. and i.m. treatment groups.
Each animal received a single dose of oxytetracy-
cline (Liquamycin LA-200, Pfizer Animal Health,
Exton, Pennsylvania 19341, USA; 25 mg/kg) by
way of a 22-ga needle attached to a 3-ml syringe.
Intravenous doses were administered in the left cer-
vical sinus, and i.m. doses were injected into the
left deltoid muscle.

Blood collection sites alternated between right
and left dorsal cervical sinuses (external jugular
veins) a —24 hr before and 0.5, 1.5, 3, 6, 12, 24,
48, 96, 120, and 240 hr after injection. One addi-
tional untreated turtle in raceway 1 and one addi-
tional untreated turtle in raceway 2 were sampled
at 72 and 48 hr, respectively, to assess potential for
uptake of excreted oxytetracycline from the water.
Approximately, 0.5 ml of blood was collected each
time using a 3-ml syringe with a 22-ga needle. The
syringe and needle interiors were rinsed before use
with 0.1 ml of 1,000 IU/ml sodium heparin solution
(Elkins-Sinn, Inc., Cherry Hill, New Jersey 08003,
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USA) as an anticoagulant. Blood was placed into
polyethylene microcentrifuge tubes (Fisher Scien-
tific Company, Pittsburgh, Pennsylvania 15219,
USA), which were capped and immediately sub-
merged in ice water. The blood was then centri-
fuged to harvest approximately 0.3 ml of plasma,
which was placed in cryovias using micropipets.
The tubes were capped and stored at —20°C until
high-performance liquid chromatography (HPLC)
analysis.

Oxytetracycline analysis

Plasma samples were analyzed for oxytetracy-
cline by adapting an HPLC method developed for
analysis of doxycycline.® The apparatus consisted
of a pump (Waters Model 600 Pump, Millipore
Corp., Milford, Massachusetts 01757, USA), auto-
sampler (Agilent Technologies Series 1100 Auto-
sampler, Agilent Technologies, Wilmington, Dela-
ware 19810, USA), variable-wavelength UV detec-
tor (Agilent Technologies 1100 Series VWD, Agi-
lent Technologies), and computer for data
collection and analysis (Agilent 1100 series
ChemStation software running on Windows 98).
The column was a 4.6-mm by 15-cm Zorbax SB-
C8 (Part # 883975906, MAC-MOD Analytical Inc.,
Chadds Ford, Pennsylvania 19317, USA) kept at
40°C. A guard column consisting of a Zorbax SB-
C8 (MAC-MOD Analytical Inc.) was used.

HPLC conditions: Oxytetracycline was eluted
with a mobile phase consisting of 70% distilled wa-
ter, 20% acetonitrile, and 10% methanol. To each
liter of mobile phase, 6.84 g of oxalic acid was
added (0.1 M). The mobile phase was filtered and
degassed before use. The mobile phase flow rate
was 1.0 ml/min, and oxytetracycline was detected
at a wavelength of 350 nm. The column tempera-
ture was kept at a constant 40°C.

Preparation of plasma calibration curve: Stock
solutions of 1 mg/ml oxytetracycline were prepared
by dissolving a pure reference standard of oxytet-
racycline in distilled water. These stock solutions
were kept refrigerated in atightly sealed vial. Spik-
ing solutions for the calibration curve were pre-
pared by diluting the stock solution with distilled
water to produce solutions of 1,000—2.5 pg/ml. To
90 pl blank (unfortified) plasma, 10 pl of the spik-
ing solution was added to produce nine calibration
plasma samples containing 10.0-0.0195 pg/ml.
Plasma obtained from turtles before treatment was
used as a blank. A new calibration curve was pre-
pared for each day’s samples. For the calibration
curve to be accepted, it had to be linear with an r?
value of at least 0.99, and the calibration standards

479

had to be backcalculated to within 15% of the true
value.

Preparation of plasma samples. The samples
from the study as well as the calibration plasma
samples were prepared by mixing 100 pl of plasma
with 100 wl of a releasing agent that consisted of
20% acetonitrile, 2% phosphoric acid, and 78% dis-
tilled water, vortexed for 10 sec. This admixture
was pipetted into 10,000 nominal molecular weight
limit centrifugal filter units (Ultrafree-MC Centrif-
ugal Filter Units, Millipore Corp.) vortexed briefly
and centrifuged for 30 min at 14,000 rpm at room
temperature. The clear filtrate was transferred to an
HPLC injection vial and 50 pl was injected onto
the HPLC column.

Calculations from the assay: With these condi-
tions, the retention time for elution of oxytetracy-
cline was approximately 2.7 min. Unknown con-
centrations were cal culated from the response milli-
aborbance units (mAU) using the calibration curve.
Replicates of spiked plasma samples were analyzed
to measure precision and accuracy. Replicates of
blank plasma samples from untreated animals were
used to determine the limit of detection (LOD). The
LOD was defined a priori as three times the base-
line noise. The limit of quantification (LOQ) was
approximately 0.02 pg/ml.

Pharmacokinetic analysis

Plasma drug concentrations after i.v or i.m. ad-
ministration were plotted semilogarithmically for
analysis. Analysis of curves and pharmacokinetic
modeling were performed using acommercial phar-
macokinetic program (WinNonlin Version 4.0,
Pharsight Corporation, Mountain View, California
94040, USA). A weighting factor of 1/(predicted
Y)? was used for pharmacokinetic analysis, where
Y is the plasma concentration.

For thei.v. data, compartmental pharmacokinetic
analysis was performed. The most appropriate
pharmacokinetic compartmental model was deter-
mined by visual examination of the curves pro-
duced by predicted models, by using Akaike's in-
formation criterion (AIC), in which the best model
is determined to be the one with the lowest (mini-
mum) AIC,* and by examination of residual plots.
AIC was calculated by an equation that takes into
account the weighting factor, the residual sum of
squares (SS), and the number of parameters in the
model. It favors the simplest model when the resid-
ual SS are similar between two models. After it was
determined which model was the best fit for the
data (i.e., mono-, bi-, or triexponential function),
elimination rates, half-lives, and intercepts were de-
termined from exponents and coefficients of the
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best fit to an equation using weighted nonlinear
least squares regression analysis.

The general form for the formula for a multicom-
partment analysis was

C=Age

where C is the plasma concentration, A, is the y-
axis intercept, e isthe base of the natural logarithm,
n is the number of compartments, t is time after
dosing, and \n is the rate constant. For the two-
compartment, biexponential model, the correspond-
ing equation was

C=Ae« + B#

where C is the plasma drug concentration at time
t, A and B are the y-axis intercepts for the distri-
bution and elimination phases of the curve, respec-
tively, a and B are the rate constants for the distri-
bution and elimination phases of the curve, respec-
tively, and e is the base of the natural logarithm.
The elimination half-life (t,) is estimated from the
relationship: t, = In 0.5/rate constant. The corre-
sponding equation for a three-compartment model
was

C = Ae + Be® + Cet

where C is the plasma drug concentration at time
t, A, B, and C are the y-axis intercepts for the first
and second distribution phases and elimination
phase of the curve, respectively, and «, B, and vy
are the rate constants for the first and second dis-
tribution phases and elimination phase of the curve,
respectively. Other compartmental pharmacokinetic
parameters are calculated according to published
formulae.®

For the i.m. data, there was not a unique com-
partmental model that was consistent for analyzing
these concentrations. Therefore, concentrations
from the i.m. dose were analyzed using honcom-
partmental analysis (NCA). For the purpose of
making comparisons of parameters between i.m.
and i.v. administration, the i.v. data also were an-
alyzed using noncompartmental methods.

The area under the plasma concentration versus
time curve (AUC) from time O to the last measured
concentration (defined by the LOQ) was calculated
using the log-linear trapezoidal method. The AUC
from time O to infinity was calculated by adding
the terminal portion of the curve, estimated from
the relationship Cn/\z, to the AUC, ., where \ is
the terminal slope of the curve, and Cn is the last
measured concentration point. Values for the max-
imum plasma concentration after dosing (C, for i.v.
or Cyax for i.m.) and time to maximum plasma con-
centration (Ty,ax) Were taken directly from the data.

JOURNAL OF ZOO AND WILDLIFE MEDICINE

Mean residence time (MRT) was calculated from
the area under the moment curve from zero to in-
finity (AUMC) and AUC. For the i.v. dose, appar-
ent volume of distribution using the area method
(VDgagrea), apparent volume of distribution at
steady-state (VDss), and systemic clearance (CL)
were calculated according to published methods.®
Systemic availability (%F) from the i.m. dose was
caculated from the following formula: %F =
AUC,,/AUC,, X 100. Clearance and apparent vol-
ume of distribution corrected for absorption, CL/F
and VD,gea/F respectively, also were calculated
from the i.m. data.

Pharmacokinetic estimates from the single-dose
study were used to simulate a multidose regimen
(WinNonlin 4.0).° Target minimum plasma concen-
trations in the multidose simulation were 4, 2, and
1 wg/ml, representing the minimum inhibitory con-
centration (MIC) at which microorganisms report-
edly pathogenic to sea turtles are generally consid-
ered susceptible, and two lesser concentrations
were demonstrated to be effective for more suscep-
tible microbes.33 The multidose simulations were
not tested experimentally.

Statistical differences between i.m. and i.v.
groups in weight, length, packed cell volume
(PCV), total solids (TS), and noncompartmental
pharmacokinetic parameters Cy,ax (i.m.) or C, (i.v.),
elimination rate constant, CL, AUC, VD, and MRT
were tested by Student’s t-test for independent sam-
ples (IMR SAS Ingtitute, Cary, North Carolina
27513, USA). Potential effects of weight on phar-
macokinetic parameters (Cyax or C, CL, AUC,
VD, and MRT) were tested for i.m. and i.v. groups
separately by least squares linear regression. The
level of significance was P < 0.05.

RESULTS

The mean turtle weight was 7.98 = 0.78 kg, with
a SCL of 39 = 1.4 cm and SCW of 32 = 1.2 cm.
The mean packed cell volume was 27 = 2.8%, and
mean total solids was 19 + 2 g/L. There were no
differences between treatment groups in weight,
SCL, SCW, PCV, or TS (P > 0.05). No abnormal-
ities were noted on physical examination, and no
adverse effects were noted with respect to injection
site, flipper movement, activity, or food consump-
tion during the course of the investigation.

Oxytetracycline HPLC analysis provided a rapid
and sensitive method for measuring concentrations
using a small volume of plasma. The calibration
curve was linear from 0.0195 to 10 pg/ml. All the
samples measured in this study were above the
LOQ. The precision and accuracy of the assay were
within acceptable limits. No oxytetracycline was
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Oxytetracycline in Sea Turtles (25 mg/kg)
10

@ IV Administration
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Concentrations (mcg/mL)
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Figure 1. Plasma concentrations of oxytetracyclinein
turtles after administration of 25 mg/kg i.v. (solid circle)
or i.m. (open circle). Each point represents the mean of
10 concentrations. Variances for mean values are shown
in Table 1.

detected in the plasma of untreated controls sharing
the raceways with treated sea turtles.

The results of the plasma analysis are shown in
Figure 1 and Tables 1-3. The absorption from the
i.m. injection was high as shown by the rapid and
high peak concentrations. The mean systemic avail-
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ability was 91.8%. The compartmental analysis for
i.v. data (Table 3) produced a three-compartment
model for nine animals as the best fit. In one animal
(C19) the best fit was with a two-compartment
model. Only those values that corresponded to the
three-compartment model were averaged with the
others in Table 3. One animal (C7) clearly was an
outlier as shown by the long termina half-life.
There were two terminal points for this animal’s
curve that produced a shallow slope, resulting in an
extremely long half-life. The data from this animal
were not averaged with the other nine. Table 2
shows the results from a NCA of the i.v. and i.m.
data in which assumptions of one, two, or three
compartments were not made. Data from animal C7
and C19 were not considered outliers in this anal-
ysis (although their values made up the extreme
ends of each range), and their data were averaged
with the other animals.

MRT (62.75 = 5.58 hr for i.v., 70.02 += 5.25 hr
for i.m.; P = 0.077) was significantly different be-
tween i.m. and i.v. groups. The initial plasma con-
centrations (Cyax for i.m. 1.57 = 0.30 pg/ml; and
C, for i.v. 550 = 1.00 pg/ml) were significantly
different between treatments, but this may have
been caused by the route of administration. Param-
eters exhibiting no significant difference were
AUC, CL, and VD. Though CL and VD from the

Table 1. Mean concentrations (in p.g/ml) of oxytetracycline in loggerheads after administration of 25 mg/kg.

Time (hr) N X + SD SE Min Median Max Range CV%
Intramuscular administration
0.5 10 1.4763 + 0.3667 0.1160 0.9737 1.4223 2.2838 1.3101 24.838
15 10 1.4110 + 0.1304 0.0412 1.1560 1.4032 1.5913 0.4354 9.2420
3 10 1.1638 + 0.1398 0.0442 0.9692 1.1488 1.4216 0.4523 12.010
6 10 1.1155 + 0.1344 0.0425 0.8771 1.1185 1.2835 0.4063 12.045
12 10 1.0330 + 0.0875 0.0277 0.9019 1.0491 1.1647 0.2627 8.4700
24 10 0.9053 + 0.0619 0.0196 0.7787 0.8982 0.9859 0.2072 6.8331
48 10 0.5613 + 0.0538 0.0170 0.5119 0.5592 0.6977 0.1858 9.5787
96 10 0.2276 + 0.0256 0.0081 0.1958 0.2184 0.2643 0.0686 11.242
120 10 0.1511 =+ 0.0226 0.0071 0.1336 0.1402 0.2031 0.0695 14.953
240 10 0.0411 + 0.0085 0.0027 0.0245 0.0420 0.0570 0.0325 20.725
Intravenous administration
0.5 10 4.2717 + 0.5212 0.1648 3.0272 4.3447 5.1412 2.1141 12.200
1.5 10 3.2757 + 2.2131 0.6998 2.2718 2.5602 9.5441 7.2722 67.560
3 10 1.9332 + 0.2037 0.0644 1.4862 1.9763 2.1484 0.6622 10.534
6 10 1.4839 + 0.1812 0.0573 1.1427 1.5126 1.8492 0.7065 12.209
12 10 1.2323 + 0.1389 0.0439 1.0231 1.2298 1.4808 0.4577 11.270
24 10 0.8637 + 0.1169 0.0370 0.6594 0.8780 1.0742 0.4148 13.533
48 10 0.5002 * 0.0724 0.0229 0.4239 0.4856 0.6647 0.2408 14.468
96 10 0.2046 + 0.0429 0.0136 0.1388 0.1952 0.2973 0.1585 20.973
120 10 0.1563 + 0.0538 0.0170 0.0746 0.1530 0.2837 0.2091 34.438
240 10 0.0916 * 0.1662 0.0526 0.0311 0.0379 0.5643 0.5333 181.43
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Table 2. Pharmacokinetic parameters from noncompartmental analysis for oxytetracycline in loggerheads after
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administration of 25 mg/kg i.v. or i.m. C1-C20 refers to individual sea turtle identifications.

Intravenous Units C1 C3 C5 Cc7

Kel 1/hr 0.01 0.01 0.01 0.01
Kel haf-life hr 64.62 52.45 57.54 80.51
C, po/mi 5.24 5.86 591 5.62
AUC (0 to Cn) hr X pg/ml 71.15 85.81 80.06 68.72
AUC (0 to Inf) hr X pg/ml 74.05 88.60 82.74 72.49
AUC % extrapolated % 3.91 3.14 3.24 5.20
VD ,gren ml/kg 31,475.3 21,352.0 25,083.3 40,057.6

CL ml/hr/kg 337.61 282.18 302.15 344.85
AUMC hrz X pg/ml 4,230.24 5,349.85 4,683.96 4,413.72
MRT (O to Inf) hr 57.13 60.38 56.61 60.88
VDss mi/kg 19,286.1 17,039.0 17,104.3 20,995.9

Intramuscul ar Units c2 C4 C6 c8

Kel 1/hr 0.01 0.01 0.01 0.01
Kel haf-life hr 46.83 68.18 54.30 67.14
Tuax hr 0.50 1.50 0.50 0.50
Cuax pg/mi 1.39 1.50 1.59 1.70
AUC (0 to Cn) hr X pg/ml 69.29 71.52 78.72 74.67
AUC (0 to inf) hr X pg/ml 70.94 75.65 81.47 78.72
AUC % extrapolated % 2.33 5.47 3.37 5.14
VD/F mi/kg 23,808.4 32,506.1 24,039.1 30,759.5

CL/F ml/hr/kg hr X hr X pg/m 352.40 330.46 306.87 317.58
AUMC (0 to inf) 1 4,280.52 5,398.24 5,226.48 5,508.02
MRT hr 60.34 71.36 64.15 69.97

aC,, initial plasma concentration (i.v.); AUC, area under the plasma concentration vs. time curve; VD, xe,, apparent volume of
distribution using the area method; CL, systemic clearance; AUMC, area under the first moment curve; MRT, mean residence time;
VDss, apparent volume of distribution at steady state; T, time to maximum plasma concentration; and C,,,,, maximum plasma
concentration (i.m.); Kel, elimination rate constant; VD/F, volume of distribution (area method) corrected for systemic availability; CL/

F, systemic clearance corrected for systemic availability.

non-i.v. route are calculated as CL/F and VD/F, re-
spectively, they were compared with the i.v. route
in this analysis because nearly complete absorption
was assumed (that is, the value of F approached
100%.) Although the MRT difference was statisti-
caly different between routes of administration,
pharmacokinetically the difference was minor.
Within the size range of turtles used in this study
(6.40-9.12 kg), weight did not correlate with any
of the noncompartmental pharmacokinetic param-
eters analyzed (least squares linear regression, P >
0.05) except for a loose positive correlation with
MRT in thei.m. group (R? = 0.56, P = 0.013). The
Tuax for i.m. administration was 1.0 = 0.53 hr.
Simulation of multidose protocols designed to
achieve minimum plasma concentrations of 1 or 2
pg/ml resulted in dosing regimens of 41 mg/kg i.m.
loading dose followed by 21 mg/kg i.m. q 72 hr
and 82 mg/kg i.m. loading dose followed by 42 mg/
kg i.m. g 72 hr, respectively (Fig. 2). The dosing
regimen to achieve minimum plasma concentra-

tions of 4 pg/ml required a loading dose of 150
mg/kg i.m. (not shown).

DISCUSSION

The HPLC assay described was reliable and ac-
curate. The assay had a sufficiently low detection
limit that could accommodate the low volume of
plasma (100 wl) used, and it would also be suitable
for smaller animals. All the concentrations mea-
sured in this study were above the minimum LOQ.

No adverse effects were noted with a single 25
mg/kg i.v. or i.m. dose of oxytetracycline in these
twenty loggerheads. However, oxytetracycline at 10
mg/kg i.m. q 5 daysin asingle Kemp’'sridley turtle
treated for Nocardia sp. was associated anecdotally
with ventral erythema and skin exfoliation after 2
wk, which resolved after discontinuing oxytetra-
cyclinett

The compartmental analysis produced a three-
compartmental model for the i.v. administration,
except for one animal (C19). The three-compart-
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Cc9 Cl1 C13 C15 C17 C19 Mean SD
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
67.32 62.82 58.85 70.74 7171 54.19 64.08 8.75
541 5.38 7.01 6.01 5.58 3.03 5.50 1.00
83.17 79.56 88.52 82.10 76.10 86.66 80.19 6.55
87.40 83.03 91.70 87.31 81.12 106.60 85.50 9.62
4.84 4.18 3.46 5.97 6.19 18.71 5.89 4.63
27,782.2 27,289.9 23,148.1 29,222.8 31,885.2 18,333.0 27,563.0 6,167.9
286.04 301.10 272.63 286.34 308.18 234.52 295.56 31.69
5,584.41 5,043.41 5,277.92 6,169.86 5,807.88 7,254.59 5,381.58 896.14
63.89 60.74 57.56 70.67 71.60 68.05 62.75 5.58
18,276.5 18,290.2 15,691.4 20,2344 22,064.3 15,959.7 18,494.2 2,136.3
C10 Ci12 Ci4 C16 Ci18 Cc20 Mean SD
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
60.54 65.43 60.12 65.27 67.55 63.61 61.90 6.80
1.50 0.50 1.50 1.50 0.50 1.50 1.00 0.53
1.59 2.28 1.16 1.48 1.68 1.34 1.57 0.30
74.20 76.51 74.59 87.68 71.92 68.76 74.78 5.48
77.40 80.87 78.60 93.05 76.16 72.24 78.51 6.12
4.14 5.39 5.10 5.77 5.57 4.81 4.71 111
28,208.2 29,183.6 27,588.6 25,301.3 31,990.9 31,757.0 28,514.3 3,290.9
322.99 309.15 318.08 268.68 328.25 346.06 320.05 23.21
5,100.88 5,872.00 5,971.91 7,172.08 5,566.32 5,034.40 5,513.08 753.37
65.90 72.61 75.98 77.08 73.09 69.69 70.02 5.25

ment model is difficult to rectify physiologically,
but it probably represents a rapid and slow distri-
bution phase and a slower terminal elimination
phase from a deep compartment. The high apparent
volume of distribution also was indicative of avery
deep compartment. The apparent VDss measured
here was greater than 18 L/kg. Thisis not likely to
be an aberrant calculation from the compartmental
analysis because the NCA produced amost the
same vaue. In domestic animals, the VDss is re-
ported to be from 1 to 2 L/kg, except for one study
in veal calves in which a VDss was reported to be
greater than 18 L/kg.?*?8 Interestingly, in the veal
calf study, the investigators also identified an ex-
tended terminal phase from a three-compartment
pharmacokinetic analysis. This third phase had a
half-life of 93 hr in calves. The authors proposed
that the extended termina phase could be due to
continued absorption from an injection depot,
which can be ruled out here for the i.v. study, slow
release of oxytetracycline from deposition in bones,
or enterohepatic recycling. We suspect that the slow
elimination in loggerheads is more likely related to
slow metabolic rate and renal clearance for tetra-
cycline in reptiles, as has been shown to occur with
other drugs.??>2° The deep compartment indicated

by the high VDss likely represents bone deposition,
reflecting the large skeletal mass of chelonians and
the fact that these were well-nourished growing ju-
veniles. Bone deposition is one of the characteris-
tics that makes oxytetracycline useful for validating
aging by skeletochronology.1420

In this study, the terminal elimination phase of
oxytetracycline had a mean half-life of 66 hr after
i.v. administration. This corresponded well with the
terminal half-life calculated from the noncompart-
mental analysis, which was 64 and 62 hr from the
i.v. and i.m. administration, respectively. In other
respects, too, the compartmental analysis differed
little from the noncompartmental analysis. Values
for clearance, VDss, MRT, and total AUC were
very close. The advantage of the compartmental
analysis was that it allowed us to identify that there
is a third, deep compartment, from which there is
slow elimination in these turtles. The compartmen-
tal analysis aso alowed us to identify intercom-
partmental rate constants used for dosing simula-
tions.

The noncompartmental pharmacokinetic analysis
showed that there is little difference between i.m.
and i.v. administration of this formulation of oxy-
tetracycline in loggerhead sea turtles. Except for the
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Figure 2. A. Simulation of plasma concentrations of oxytetracycline to maintain minimum concentration (Cy,)
above 1.0 pg/ml. The dosing regimen is 41 mg/kg i.m., followed by 21 mg/kg every 72 hr, i.m. C,x in this simulation
is 1.8 pg/ml; Cyy is 0.97 pg/ml. B. Simulation of plasma concentrations of oxytetracycline designed to maintain
minimum concentration (Cy,,,) above 2.0 ng/ml. Dosing regimen is 80 mg/kg i.m. followed by 42 mg/kg every 72 hr,
i.m. Cyax in this simulation is 3.58 p.g/ml; Cy, is 1.93 pg/ml.

higher initial C, from the i.v. route compared with
the Cyax from the i.m. route, these routes of ad-
ministration are nearly interchangeable from a
pharmacokinetic point of view. Higher initial plas-
ma concentrations are expected from the i.v. route
because it produces high instantaneous plasma con-
centrations without relying on uptake from the in-
jection site. There is some divergence at the ter-

minal portion of the curve (Fig. 1) between thei.v.
and i.m. doses, but this difference is minimal. The
variability of this time point was high (Table 1)
because of variation caused by a few animals. Be-
cause Figure 1 is represented on a semilogarithmic
axis, small differences at low concentrations are vi-
sually exaggerated. The bioavailability from the
i.m. injection was almost complete (>90%), with
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rapid absorption (short Tyax). Elimination rates
were essentially the same from the i.m. compared
with the i.v. administration. Because this is a bac-
teriostatic drug, the therapeutic benefit derives from
along duration of drug plasma concentration above
the MIC (T > MIC), rather than from a brief du-
ration at a higher plasma concentration (Cyax)-
Therefore, the long elimination from either route of
administration is an advantage that should allow for
long intervals between injections.

The only other report that we could identify in
which oxytetracycline pharmacokinetics have been
studied in reptiles was in aligators.** In that study,
there were mean terminal half-lives of 74 and 131
hr after i.v. and i.m. administration, respectively.
There appeared to be a more sustained slow release
from i.m. injection in alligators. The major differ-
ence between alligators and loggerhead sea turtles
was that the apparent volume of distribution in al-
ligators was only 0.2 L/kg and the clearance was
only 0.007 L/kg/hr. The corresponding values from
loggerheads in this study were >18 L/kg and 0.29
L/kg/hr, respectively. More rapid clearance may in-
dicate differences in metabolism or elimination be-
tween these two species. Clearly, it supports the
premise that all reptiles should not be assumed to
be identical when extrapolating pharmacokinetic
data.'8

We did not test the multidose simulations derived
from single-dose pharmacokinetics. The dosing
regimen required to achieve a minimum plasma
concentration of 4 pg/ml was judged excessive for
practical use, with aloading dose of 150 mg/kg i.m.
Although 4 pg/ml is the MIC at which microor-
ganisms are generally considered susceptible,s!
lower sustained concentrations may suffice for sus-
ceptible organisms as determined by MIC sensitiv-
ity testing or for certain types of pathogens such as
chlamydial or mycoplasmal organisms.>* The
loading doses of oxytetracycline determined here
by simulation to achieve 2 pg/ml (80 mg/kg i.m.)
or 1 pg/ml (41 mg/kg i.m.) minimum plasma con-
centrations for 3 days are comparable with the dose
of 50—-100 mg/kg s.c. q 2—3 days determined by a
pharmacokinetic study in cockatoos to maintain 1
pg/ml minimum plasma concentrations and is rec-
ommended for treating chlamydiosis.®

After an i.m. dose of 25 mg/kg, the plasma oxy-
tetracycline concentration exceeded 1 pg/ml for
less than 1 day (Fig. 1), suggesting that this dose
reported for bone marking in sea turtle skeleto-
chronology studies*+2° would not confer extended
protection against susceptible pathogens if admin-
istered as a presurgical prophylactic antibiotic. Ini-
tial prophylaxis could still be expected, although
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the efficacy of a single presurgical treatment with
a short-duration antibiotic in preventing iatrogenic
infection in mammals is a matter of some debate,
with some studies indicating a protective effect
whereas others show no effect.3? The higher loading
doses modeled for multidose administration appear
likely to result in more extended protection (Fig.
2), athough the effect on incorporation of oxytet-
racycline during bone deposition is unknown. If
bone marking is not an objective in cases where
presurgical prophylactic antibiotics are considered,
an antibiotic with more prolonged therapeutic plas-
ma concentrations (e.g., ceftazidime®) may be in-
dicated. Asin other species, systemic antimicrobial
use should not be considered a substitute for good
aseptic technique during surgery.

This study determined the pharmacokinetic pa-
rameters of oxytetracycline administered i.v. and
i.m at a dose (25 mg/kg) previously used for bone
marking in sea turtles.*42° No adverse reactions
were identified at that dose. A deep compartment
was identified, likely representing bone deposi-
tion, although bone deposition was not assessed
directly. Additional information that would be
helpful in the interpretation of oxytetracycline use
in skeletochronology applications would include
the determination of the minimum effective dose
resulting in a detectabl e fluorescent band and mea-
surement of the effects of dose and sea turtle
growth rate on the width of the oxytetracycline
band. Such studies would require bone biopsies or
fortuitous recovery of postmortem samples. We
provide sea turtle oxytetracycline dosing guide-
lines for use along with bacterial culture and sen-
sitivity results when oxytetracycline is an option
for antibiotic treatment, with dose simulations in-
dicating that minimum plasma concentrations of 1
or 2 pg/ml could be achieved with a loading dose
of 41 mg/kg i.m. followed by 21 mg/kg i.m. q 72
hr or 82 mg/kg i.m. followed by 42 mg/kg i.m. q
72 hr, respectively.
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